NiO nanoparticles were fabricated by sol-gel route using ammonium hydroxide and nickel nitrate as precursors. The NiO nanoparticles were calcinated at 400°C and 1000°C. The nanoparticles were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), vibrating sample magnetometer (VSM), thermogravimetry analysis/differential thermal analysis (TGA/DTA). The structural properties were evaluated by X-ray diffraction (XRD). XRD confirmed the formation of well-crystallized and high purity NiO phase. The XRD showed that the peaks were sharpened and the crystallite size increased as the calcination temperature increased. The average crystallite size ranged from 12 nm to 20 nm, when calcined at temperatures 400°C and 1000°C, respectively. Fourier transform infrared spectroscopy (FT-IR) revealed the chemical composition and confirmed the formation of NiO nanoparticles. The nanoparticles showed paramagnetic behavior.
Introduction
Nickel oxide is an antiferromagnetic transition metal oxide, which is a wide gap p-type semiconductor [1] . It is an interesting material because of its chemical stability as well as optical, electrical and magnetic properties. Its nanoparticles are used in electrochromic devices [2] , smart windows [3] , optical fibers [4] , gas sensors [5] , solar thermal absorbers [6] , batteries [7] , transparent conducting layers [8] . Numerous techniques, such as chemical precipitation [9, 10] , magnetron sputtering [10] , and sol-gel [11] have been used to fabricate NiO nanoparticles. Among different techniques for controlled synthesis, sol-gel technique was used to synthesize crystalline and impurity free NiO nanoparticles. Jahromi et al. [12] showed that crystallite size of NiO nanoparticles increased on annealing. Alagiri et al. [11] synthesized NiO nanoparticles with super-paramagnetic behavior, which showed the optical band gap of 3.51 eV. In this project, low band gap has been achieved as compared to the band gap of NiO nanoparticles reported in the literature [11] . Doping of different materials has been done * E-mail: zohrakayani@yahoo.com by different researchers to enhance the properties of NiO nanoparticles [13] . Crystalline phases associated with crystal planes were evaluated by X-ray diffraction (XRD). The structure and chemical bonding of the nanoparticles were studied by Fourier transform infrared spectroscopy (FT-IR). Thermal properties of the NiO nanoparticles were examined by thermal gravimetric analysis/differential thermal analysis (TGA/DTG). Magnetic properties were studied by vibrating scale magnetometer (VSM) and optical properties were evaluated by UV-Vis-IR spectrophotometer.
Experimental
100 mL of 2 M NH 4 OH solution was added dropwise into 50 mL of 0.5 M Ni (NO 3 ) 2 ·6H 2 O solution which was stirred by a magnetic stirring apparatus at 100°C for four hours. The sol was kept at room temperature for 24 hours for aging. The prepared light-green suspension was centrifuged and then calcined at 400°C and 1000°C for 2 hours.
X-ray diffraction study with a Bruker D8, Germany, (CuKα radiation λ = 1.54060 Å) was performed for structural characterization of the nanoparticles before and after annealing in a furnace. Diffraction angle was adjusted from 20° 548 ZOHRA NAZIR KAYANI et al.
to 80°with a step of 0.02°. Particle size was evaluated using Malvern Mastersizer 3000 particle size analyzer.
The infrared spectra were measured in the range of 400 cm −1 to 4000 cm −1 by FT-IR Model M 2000 Midac, USA. Thermal properties TGA/DTA and DSC were studied using SDT Q 600 thermogravimetric analyzer. The temperature was increased from room temperature to 1000°C with an increment of 10°C/min in air. Magnetic properties were analyzed by Lakeshore 7407 vibrating sample magnetometer VSM. Optical transmission spectra of the nanoparticles were measured by UVVis spectrophotometer (UV-Vis, HITACHI U-2800) in the wavelength range of 200 nm to 900 nm.
Results and discussion

FT-IR study
The FT-IR spectrum in Fig. 1 shows that nickel oxide nanoparticles calcined at 400°C have a broad absorption band centered at around 3843 cm −1 and 3287 cm −1 which could be due to the O-H stretching vibrations. The band at 1627 cm −1 can be attributed to the bending vibrations of water molecules. The band at 1385 cm −1 is due to the presence of C-O bonds [14] . The strong band at 614 cm −1 and 419 cm −1 corresponds to vibrations of Ni-O bonds. Nickel oxide nanoparticles calcined at 1000°C have almost the same pattern with a slight change in the vibration of Ni-O bond. The peaks are shifted to 620 cm −1 and 471 cm −1 . The FT-IR spectrum at 400°C shows the characteristics peaks at 419 cm −1 , 614 cm −1 , 1385 cm −1 , 1627 cm −1 , 3287 cm −1 , 3843 cm −1 . The bands at 419 cm −1 and 614 cm −1 suggest the presence of NiO. Despite annealing, the nanoparticles reveal traces of water (peaks at 1627 cm −1 , 3287 cm −1 and 3843 cm −1 ). There is no peak indicating the presence of ammonia as the nanoparticles were washed with high purity water. This indicates that the sample has no traces of impurity. As Fig. 1 shows, the annealing at 1000°C did not alter the chemical composition of NiO nanoparticles but only caused peaks shifting to 620 cm −1 and 471 cm −1 . 
Structural studies
Structural analysis of the NiO nanoparticles was performed using CuKα radiation source of a wavelength λ = 1.54060 Å and the diffraction patterns were studied by changing diffraction angle in the range of 20°to 80°. Fig. 2 shows the XRD patterns of NiO nanoparticles synthesized by sol-gel technique and annealed at temperatures of 400°C and 1000°C, respectively. It can be stated from the XRD pattern that all the samples are polycrystalline and have NiO hexagonal structure. High temperature annealing carried out at 1000°C enhanced the formation of crystalline structure in the nanoparticles, as evidenced by the presence of diffraction peaks in Fig. 2 The average crystallite sizes D of nickel oxide nanoparticles were calculated by Debye-Scherer equation [15] using full width at half maximum:
where D is the crystallite size, β is the broadening of the diffraction line measured at its half maximum intensity (FWHM), k is the Scherer constant of the order of 0.9 related to crystallite shape and λ is the wavelength of the X-ray beam. Crystallite size of NiO nanoparticles increased from 12.4 nm at 400°C to 20.7 nm at 1000°C, while dislocation density decreased from 6.5 × 10 −3 nm −2 to 2.3 × 10 −3 nm −2 with the increase in annealing temperature. Crystallite size of the nanoparticles confirms the formation of the nanocrystalline structure. In NiO nanoparticles there are several dangling bonds related to nickel-oxygen defects at the grain boundaries. These defects lead to the merging process leading to forming bigger NiO grains, i.e. coalescence of the grains at elevated annealing temperature [16, 17] results in increased crystallite size. In fact, crystallinity of NiO thin films is enhanced at elevated annealing temperatures. High annealing temperature supplies energy to crystallites which transfers them to stable equilibrium sites, leading to the enhancement in crystallinity and degree of orientation of the NiO films.
Particle sizes of the NiO nanoparticles were analyzed using particle size analyzer and they turned out to be 20 nm for nanoparticles annealed at 400°C and 32 nm after annealing at 1000°C. They showed the same trend as the crystallite size obtained by Scherrer relation and increased after annealing at high temperature. Crystallite size of the nanoparticles is small as compared to the values reported in the literature [18] [19] [20] .
TGA/DTA analysis
TGA and DTA curves of the nickel oxide are shown in Fig. 3 . Three weight losses can be observed in the TGA curve (a) at 60°C (I), 660°C (II), and 760°C (III), The weight loss at 660°C and 760°C is accompanied by a sharp DTA peak (b). The minor weight loss (I) observed at 60°C is due to desorption of water. The second weight loss step (II) at 660°C is attributed to impurities or adsorbents of NiO. The weight loss at 760°C (III, broad peak at DTA) is connected with creation of defects in the NiO powder. These defects are associated with the loss of oxygen, enhancing the formation of oxygen vacancies. The weight loss is due to thermal decomposition or dehydration of Ni(OH) 2 to form NiO particles. Similar observation of weight loss of NiO was reported by Nassar et al. [21] . 
Optical properties
Optical transmittance spectra of NiO nanoparticles obtained at different annealing temperatures are presented in Fig. 4 . Optical transmittance of NiO nanoparticles shows strong dependence on the annealing temperatures. The sample annealed at 400°C has lower transmittance than the one annealed at 1000°C. A rapid decrease in transmission, which is termed as fundamental absorption band edge of NiO, is observed at wavelength of ∼411 nm for nanoparticles annealed at 400°C and 395 nm for nanoparticles annealed at 1000°C. The value of band gap increased from 3.02 eV to 3.14 eV as the annealing temperature of NiO nanoparticles increased from 400°C to 1000°C [22] [23] [24] . The transmission increased at elevated annealing temperature due to improvement in crystalline microstructure and reduced defect scattering. As the annealing temperature increased, grain size and band gap values increased. Thus, it can be stated that the band gap is dependent directly on the grain size. Increasing the annealing temperature, hence, the grain size, causes that Ni 3+ ions are removed [25] and the defects are reduced, resulting in the observed shift to the shorter wavelengths. The removal of Ni 3+ ions reduces density of the localized states tails in the band structure, hence, the width of localized states, and increases the optical band gap energy [26] .
The band gap obtained in this project is less than the values reported in the literature [20, 27] . These small band gap materials find application in quantum devices, infrared sensors and detectors [28] and spintronics [29] .
Magnetic properties
M-H behavior of the prepared NiO nanoparticles is shown in Fig. 5 .
The magnetization has not saturated up to the maximum applied field of 10 kOe. Magnetization increased with increasing field showing no sign of saturation in the field range studied (±10 kOe).The M-H curve does not show any significant hysteresis and retentivity. Magnetization studies revealed nearly temperature independent paramagnetism. It can be seen in Fig. 5 that the coercive field is not zero for the nanoparticles. The coercivity of the nanoparticles annealed at 1000°C is 49 Oe. The saturation magnetization Ms and retentivity Mr of the NiO nanoparticles were found 5 it is evident that the magnetization of NiO nanoparticles shows more or less linear dependence on the applied magnetic field. Therefore, NiO nanoparticles show paramagnetic behavior [24] . If the size of metal nanoparticles is decreased below their critical diameter of approximately 55 nm, the nanoparticles become single magnetic domains [30, 31] . Ferromagnetic behavior is observed when nanoparticles have the grain size greater than critical domain size, otherwise smaller nanoparticles show paramagnetic behavior. XRD analysis showed the grain size of 20.7 nm when the nanoparticles were annealed at 1000°C that is why the nanoparticles are paramagnetic in nature. The magnetic measurements clearly show the existence of paramagnetism in NiO nanoparticles, which may be due to the presence of uncompensated Ni ions at the surface of the particles.
NiO is originally antiferromagnetic (AFM) but nanoparticles of NiO can show magnetic properties (paramagnetic, ferromagnetic or antiferromagnetic) at nanoscale depending on crystallite size, annealing temperature, surface magnetization and existence of ferromagnetic Ni clusters. The nanoparticles can be ferromagnetic or paramagnetic depending upon the magnetic retort of disordered spins. This disorder is more prominent in smaller nanoparticles because of defects and dangling bonds on the surface. In this project, the crystallite size enhanced with an increase in annealing temperature which suggests the decrement of Ms with increasing annealing temperature owing to the reduced surface to volume ratio and an increased probability of paramagnetism of the nanoparticle. Ferromagnetism in NiO nanoparticles may be due to Ni clusters [32] but it is still under research as it is crucial for applications. Ferromagnetism [33] and antiferromagnetism in NiO nanoparticles have been reported in the literature [33] [34] [35] . For biological and biomedical applications, nanoparticles which show reversible magnetic characteristics at room temperature, i.e. paramagnetic, are most suitable [36] , while for data storage applications, particles should have a stable, switchable magnetic state which remains unaffected by temperature variations in order to represent information bits.
Conclusions
Nanocrystalline nickel oxide nanoparticles were synthesized by inexpensive sol-gel method. The NiO nanoparticles were annealed at temperatures of 400°C and 1000°C. The XRD results showed that the NiO nanoparticles have a good nanocrystalline hexagonal structure. Their grain size increased from 12.4 nm to 20.7 nm with increasing the annealing temperature from 400°C to 1000°C. Optical transmission studies showed low absorbance in IR and visible regions with a band gap 3.02 eV (at 400°C) which was increased to 3.14 eV (at 1000°C). This increase in the band gap is due to the increase in defect levels.
